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Abstract
We study in detail the recently proposed mechanism of generating superheavy Dark
Matter with the mass larger than the Hubble rate at the end of inflation. A real
scalar field constituting Dark Matter linearly couples to the inflaton. As a result of
this interaction, the scalar gets displaced from its zero expectation value. This offset
feeds into the energy density of Dark Matter. This mechanism is universal and can
be implemented in a generic inflationary scenario. Phenomenology of the model is
comprised of Dark Matter decay into inflatons, which in turn decay into Standard
Model species triggering cascades of high energy particles contributing to the cosmic
ray flux. We evaluate the lifetime of Dark Matter and obtain limits on the inflationary
scenarios, where this mechanism does not lead to the conflict with the Dark Matter
stability considerations/studies of cosmic ray propagation.
1 Introduction
There is a large variety of Dark Matter (DM) candidates with masses spanning many or-
ders of magnitude. So far, experimental and observational searches mainly focused on the
electroweak scale DM. However, non-observation of deviations from the Standard Model of
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particle physics (SM) at those scales motivates looking for more “exotic” candidates. In the
present work, we discuss superheavy DM with the masses larger than the Hubble rate during
inflation.
Superheavy DM can be created gravitationally at the end of inflation [1, 2, 3]1, during
preheating [8, 9] and reheating [10, 11, 12], and from the collisions of vacuum bubbles at
phase transitions [8]; see Ref. [13] for a review. Observational consequences of superheavy
DM have been elaborated in Refs. [14, 15]. Here we discuss another production mechanism,
where DM modeled by a real scalar field φ is generated through a linear coupling to some
function of an inflaton [16, 17]. In that case, the field φ acquires an effective non-zero
expectation value during inflation (Section 2). After inflation, this expectation value sets
the amplitude of the field φ oscillations. From that moment on, the evolution of the φ-
condensate averaged over many oscillations is that of the pressureless fluid serving as DM.
This is in spirit a particular realization of the vacuum misalignment mechanism underlying
axionic models [18] or string inflationary scenarios involving moduli fields [19]. Now we apply
the mechanism to superheavy fields.
This mechanism of superheavy particles generation [16] is different from the known ones
in many aspects. First, in our scenario non-zero energy density of DM is already present at
the stage of inflationary expansion of the Universe2. Second, with our mechanism there is no
a priori upper bound on the mass of produced particles (still it should be below the Planck
scale). This is in contrast to gravitational production, where the masses of superheavy
particles are fixed by the Universe expansion law [7, 21] or equal a few times the Hubble rate
at the end of inflation [1, 2, 3, 22], and scenarios of DM creation at reheating, where possible
masses are limited by the reheating temperature [11]. Third, as it follows from the above
discussion, our mechanism does not require a thermal bath, where the DM particles would
be produced through the scattering processes. Our scenario only requires the existence of
the inflaton condensate feebly coupled to φ, while the scattering cross section of φ-particles
can be negligible.
Linear interaction of the superheavy field φ with the inflaton implies that it is generi-
cally unstable. We calculate the lifetime of DM (Section 3). The simplest case with the
renormalizable interaction between the field φ and the inflaton taking Planckian values, and
the largest possible expansion rate (suggesting relic gravitational waves detectable in the
future experiments) is only marginally consistent with the DM lifetime to be of the order
of the present age of the Universe. For non-renormalizable interactions and/or lower scale
1General formalism of particle creation by non-stationary gravitational fields was developed in Refs. [4,
5, 6, 7].
2This is different compared to the resonant production of particles during inflation discussed in Ref. [20].
There the concentration of created particles gets diluted by the inflationary expansion, unless the production
takes place at the last e-foldings of inflation. In our case, the concentration of particles once produced is
kept constant all the way down to the end of inflation.
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inflation, the stability constraint is satisfied in some range of DM masses. Generically, how-
ever, the stability is not a sufficient condition, because the inflatons decay into SM species
(this coupling is needed to reheat the post-inflationary Universe) producing cascades of high
energy particles. In particular, studies of the gamma-rays [23] and IceCube neutrinos [24]
set more severe limits on the DM lifetime, which should exceed the age of the Universe by
many, typically 10 − 12, orders of magnitude. See Refs. [25, 26, 27, 28, 29, 30, 31] for the
state of the art and Ref. [32] for the review. Thus, within the new suggested mechanism of
DM production there is an interesting opportunity to relate the properties of the inflationary
models with the observations of high energy cosmic rays.
2 The model
We are interested in the model with the Lagrangian
L = 1
2
gµν∂µφ∂νφ− 1
2
M2φ2 + φ · F (ϕ) . (1)
Here M is the mass of the scalar φ constituting DM; ϕ is the inflaton, which we assume to
be a canonical scalar field with an almost flat potential; F (ϕ) is some generic function of the
inflaton, such that F (ϕ)→ 0 as ϕ→ 0. The background equation of motion for the field φ
is that of the damped oscillator with the external force F (ϕ) applied:
φ¨+ 3Hφ˙+M2φ = F (ϕ) . (2)
The key idea is to consider very large masses M , so that
M & He , (3)
where He is the Hubble rate during the last e-foldings of inflation. Once the condition (3) is
fulfilled, the field φ quickly relaxes to its effective minimum
φ =
F (ϕ)
M2
. (4)
After inflation, when the inflaton ϕ drops down considerably, one finds
φ =
A · F (ϕe)
M2
(ae
a
)3/2
cos [M(t− te) + δe] . (5)
That is, the field φ undergoes coherent oscillations with the frequency M . Here δe is an irrel-
evant phase, while the dimensionless coefficient A is a penalty factor for non-instantaneous
decoupling from the inflaton. Indeed, if post-inflationary evolution of F (ϕ) is smooth and
slow, the field φ still tends to track the inflaton, which predicts φ→ 0 as ϕ→ 0. Were track-
ing exact, we would have A = 0. However, there are always deviations from the tracking
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solution, which feed into the parameter A, so that A 6= 0. The strength of these devia-
tions and hence the value of A depend on the rate of the inflaton change at the end of
inflation/during post-inflationary stage. As it follows, the resulting coefficient A crucially
relies on the choice of the model, and generically may depend on M , inflaton time-scale(s),
Hubble parameter, reheating temperature. We illustrate this by exact calculations of the
coefficients A using toy examples in Appendix. The realistic situation with the fast change
of the inflaton leading to relatively large A, can happen at various stages: right at the end of
inflation, as in the hybrid inflation or in the healthy Higgs inflation [33]; later at preheating
dominated by anharmonic oscillations; or even at the very beginning of the hot stage, as in
models with tachyonic preheating.
The energy density of the oscillating condensate is conserved in the comoving volume:
ρφ =
A2F 2(ϕe)
2M2
·
(ae
a
)3
. (6)
After reheating the ratio of φ-particle energy density to the entropy density s(T ) remains
constant:
ρφ(T )
s(T )
= const . (7)
We assume that φ-particles constitute most of the invisible matter in the late Universe, so
that we have
ρφ(Teq) ≈ ρrad(Teq) , (8)
where the subscript ′eq′ stands for the matter-radiation equality, which happened at plasma
temperature Teq ≈ 0.8 eV. We ignore the subdominant contribution of baryons to the matter
density. The thermal radiation energy density and entropy density are given by
ρrad(T ) =
pi2g∗(T )
30
T 4 , s(T ) =
2pi2h∗(T )
45
T 3 , (9)
where g∗(T ) and h∗(T ) are the corresponding effective numbers of ultra-relativistic degrees
of freedom. In the ’standard’ particle cosmology they coincide at T  1 MeV, but differ
at low temperature because of neutrino decoupling, h∗(Teq) ≈ 3.9, g∗(Teq) ≈ 3.4; see, e.g.,
Ref. [34].
Using Eq. (7) and plugging Eqs. (6) and (9) into Eq. (8), we obtain
15A2 F 2e h∗(Teq)
pi2M2 g∗(Treh)T 3reh g∗(Teq)Teq
·
(
ae
areh
)3
=
A2 F 2e h∗(Teq)
2M2 g∗(Teq)
1
ρreh
Treh
Teq
·
(
ae
areh
)3
≈ 1 , (10)
where the subscript ′reh′ stands for the reheating; g∗(Treh) & 100. The ratio areh/ae is
determined by the total matter equation of state at the stage between inflation and reheating.
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Typically, the effective pressure and energy density are proportional to each other, p = wρ.
For a constant equation of state w, one has
ρe
ρreh
=
(
areh
ae
)3(1+w)
.
Here we ignored that the energy is equally distributed between the inflaton and radiation at
the moment of reheating. Substituting ρe ≈ 38piH2eM2Pl, we obtain(
ae
areh
)3
≈
(
8pi3 g∗(Treh)T 4reh
90H2e M
2
Pl
) 1
1+w
.
Hence, in the case w = 0, the condition (10) takes the form
4pi h∗(Teq)A2 F 2e Treh
3g∗(Teq)M2H2e M
2
Pl Teq
≈ 1 . (11)
The Planck mass is defined by MPl ≡ G−1/2N ≈ 1.22 ·1019 GeV, where GN is the gravitational
constant. If the equation of state right after inflation mimics that of radiation, w = 1/3, one
has (
320pi
9
)1/4
h∗(Teq)A2 F 2e
g∗(Teq) g
1/4
∗ (Treh)M2H
3/2
e M
3/2
Pl Teq
≈ 1 . (12)
In this case the reheating temperature drops out of the abundance constraint (12).
For a particular inflationary scenario and a form of the function F (ϕ), one can use
Eq. (6) to infer the strength of the coupling between the field φ and the inflaton. Knowing
the coupling, one calculates the decay rate of DM particles into the inflatons triggered by
the interaction term in the action (1). We will see that this can be large enough to rule out
or strongly constrain the model, for some well motivated inflationary models.
The condition (3) generally guarantees that no φ-particles are created gravitationally at
the end of inflation. Indeed, for M & He, the number of gravitationally produced particles
is suppressed exponentially [2, 22] (see, however, Ref. [12]). Precise form of the suppression
depends on the choice of the inflationary scenario. For example, in quadratic inflation with
the inflaton mass m, the observed abundance of DM is reached for M ' 3 − 5m [2] for
the range of reheating temperatures Treh = 10
9 − 1015 GeV. Based on this example, where
m ' He, we assume the minimal value M ' 5He in what follows.
Note also that with the condition (3) applied, isocurvature perturbations δφiso of the
field φ are automatically suppressed. Indeed, fluctuations δφiso behave as a free field. Once
the equality M ' H is reached at some point during inflation, they start to decay as 1/a3/2.
According to the estimate given above, this equality is reached at H ' 5He for the minimal
possible value of M . This typically corresponds to tens of e-foldings before the end of
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inflation. In the example of quadratic inflation one has H60e/He ' 6, where H60e is the
Hubble rate, when presently measured cosmological modes cross the horizon, i.e., at 60 e-
foldings3. Given fast expansion of the Universe at those times, isocurvature perturbations
get diluted with an exponential accuracy.
3 Decay rate into inflatons
In this Section, we estimate the decay rate of φ-particles into inflatons, provided that the
abundance constraint (11) for w = 0 (or (12) for w = 1/3) is fulfilled. The decay rate of
some particle φ with the mass M into n indistinguishable particles is given by
Γφ =
1
2Mn!
∫
|M|2dΦn .
HereM is the matrix element, which describes the decay, and dΦn is the phase-space element:
dΦn = (2pi)
4 · δ(4)
(
P −
∑
i
pi
)
· Πni=1
d3pi
2(2pi)3p0i
;
P and pi are the 4-momenta of the particle φ and the decay products, respectively. For the
constant M, the full decay rate reads
Γφ =
|M|2
2Mn!
·
∫
dΦn . (13)
In the case of massless particles in the final state, the integral over the phase space is given
by ∫
dΦn =
1
2(4pi)2n−3
· M
2n−4
(n− 1)!(n− 2)! . (14)
Combining Eqs. (13) and (14), we obtain
Γφ =
|M|2 ·M2n−5
4(4pi)2n−3n! (n− 1)! (n− 2)! . (15)
We consider the powerlaw interaction in the inflaton field ϕ:
F (ϕ) = α
ϕn
Λn−3
, (16)
where α is a dimensionless constant and Λ is the parameter of the mass dimension related
to the scale of new physics, e.g., the Planck mass in the case of quantum gravity or Grand
3The Hubble rate H60e is inferred from the value of the tensor-to-scalar ratio, which reads in quadratic
inflation r ≈ 0.13. Hence, H60e ≈ 9 ·1013 GeV. The inflaton mass is m ≈ 1.4 ·1013 GeV. Given that m ' He,
one gets the estimate from the text.
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Unification scale. The cases n > 3, n = 3, and n < 3 correspond to the non-renormalizable,
renormalizable and super-renormalizable interactions, respectively. In what follows, we focus
on the former two cases. Using Eq. (15), where we substitute M = −n!iα/Λn−3, we get:
Γφ =
α2 · n
4 · (4pi)2n−3(n− 2)! ·
M2n−5
Λ2n−6
. (17)
The coupling constant α/Λn−3 is constrained by the condition (11) or (12) depending on the
cosmological evolution between inflation and reheating. Extracting the coupling constant
α/Λn−3 from Eqs. (11) and (12), and substituting it into Eq. (17), we get for the ratio of the
DM lifetime τφ ≡ Γ−1φ to the present age of the Universe τU ≈ 1.38 · 1010 years:
τφ
τU
≈ (n− 2)!
n
· 1012n−48 · (4.9pi)2n ·
(
MA
He
)2
·
(
ϕe
MPl
)2n
·
(
1013 GeV
M
)2n−1
· Treh
1012 GeV
(18)
for w = 0 and
τφ
τU
≈ (n− 2)!
g
1/4
∗ (Treh) · n
·1012n−44 ·(4.9pi)2n ·
(
MA
He
)2
·
√
He
M
·
(
ϕe
MPl
)2n
·
(
1013 GeV
M
)2n−3/2
(19)
for w = 1/3.
To proceed, we need to specify the coefficient A. As is emphasized in Section 2, it is
strongly model-dependent and relies on the conditions at the end of inflation/beginning
of post-inflationary stage. In particular it may happen that A is exponentially decreasing
function of M . Then, the lifetime τφ is too small being in conflict with DM stability, unless
the mass M is tuned to be close to He. To illustrate the mechanism we are primarily
interested in the situation, when A has a powerlaw dependence on M . For instance, this
happens in the situation, when the inflaton ϕ (and hence the function F (ϕ)) is constant at
times t < te, and then decays as a powerlaw ϕ ∝
(
te
t
)s
at times t > te. Independently of
the power s, which is fixed by the choice of the inflationary scenario, we have obtained in
Ref. [17]:
A ' He
M
. (20)
For convenience we re-derive this estimate in Appendix.
We show the dependence of M on ϕe for different fixed values of the DM lifetime τφ
in Fig. 1. We set w = 0, in which case the dependence on the Hubble rate He drops
out according to the estimate (20). This is baring in mind the fact that our discussion is
applicable only for superheavy fields M > He. In line with the model-independent treatment
of inflation, we assume that for any point (M,ϕe) one can construct the inflationary scenario,
which fulfills this inequality.
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A couple of comments are in order here. For n = 3 (renormalizable interaction with the
inflaton (16)) and w = 0 one obtains from Eq. (18)
τφ
τU
≈ 4 · 10−6 ·
(
1013 GeV
M
)5
·
(
ϕe
MPl
)6
· Treh
1012 GeV
,
where we assumed A = He/M , see Eq. (20). For the reference values ϕe = MPl, M =
1013 GeV, and Treh = 10
15 GeV we get τφ ≈ 0.4 · 10−2τU , see Fig. 1. Recall that He .M/5;
then at ∼ 60 e-foldings before the end of inflation the Hubble rate H60e & He is constrained
by the absence of the tensor modes, H60e . 8 · 1013 GeV [35]. It means that this particular
scenario may be just consistent with the DM stability for the Planckian field inflationary
scenarios developing tensor modes detectable in the future experiments. Thus, the future
detection of primordial gravitational waves would imply severe limits on this scenario: high
reheating temperature, DM as heavy as M ' 1013 GeV, and large field at the end of inflation,
ϕe & MPl, for the case of the renormalizable interaction, n = 3. It is straightforward to
check that the same conclusion holds for the radiation-like evolution right after inflation.
Cosmologically viable part of the model parameter space grows with the dimension of
the inflaton coupling function F (ϕ), as it is clearly seen from Fig. 1. In particular, for
n = 4, M = 1013 GeV, ϕe = MPl, A = He/M , and Treh = 10
15 GeV, one gets from Eq. (18):
τφ ≈ 1.5·1012τU , which is definitely consistent with the DM stability. The higher the operator
dimension, the longer the DM lifetime in the model is.
Note that the stability at the time scale of the age of the present Universe is a necessary
but not always a sufficient condition of viability of the model. DM couples to the inflaton,
which in turn must couple to the SM particles to reheat the Universe. Hence, even rarely
decaying DM contributes to the cosmic ray flux, which has been measured in a wide energy
range up to 1011 GeV. A reasonable consistency of this flux with expectations from the
astrophysical sources places limits on the decay rate of a heavy relic of a given mass depending
on its decay pattern. Generically, the DM lifetime must exceed the age of the Universe
by many orders of magnitude. Namely, τDM & 1020−22 years for M ' 1013 GeV, if the
decay initiates a noticeable energy release into gamma rays or neutrinos, see, e.g., Ref. [25,
30]. This requirement (if applicable) is consistent with our mechanism for integer n > 3
(non-renormalizable interaction (16)), including inflationary models predicting potentially
observable tensor modes. The renormalizable model with n = 3 in Eq. (16) is consistent
only for small Hubble inflation. So, no detectable relic gravitational waves are expected in
that case.
The value ϕe ' MPl is typical in monomial large field inflation, where the inflaton is
minimally coupled to gravity. Generically, however, the inflaton may substantially deviate
from the Planckian value. An example of this situation is exhibited in the Higgs inflation [36,
37, 38]—one of currently favored models. At the end of inflation, the Higgs field defined in the
Jordan frame has the value ϕe ' MPl5√ξ , where ξ measures the non-minimal coupling to gravity;
8
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Figure 1: Dependence of the scalar φ mass M on the inflaton field ϕe at the end of inflation
for a set of the DM lifetimes τφ and coupling terms (16). The cases n = 3, 4, 5, 6 are shown
on the top left, top right, bottom left and bottom right plots. We have set w = 0 (matter-
dominated evolution during preheating), A = He
M
, and Treh = 10
15 GeV. The region above
the blue line (τφ = 10 τU) is excluded by the DM stability constraints. Recall, that we always
assume that He .M/5. Since in a particular model ϕe and He are related, some regions on
the plots may be unsuitable, if the inequality becomes invalid.
typically ξ ∼ 104; we set ϕe = MPl/500. Taking M = 5 · 1013 GeV and Treh = 1015 GeV [33],
we get from Eq. (18): τφ ≈ 60 τU , τφ ≈ 1010 τU , and τφ ≈ 2 · 1018 τU for n = 6, 7, 8,
respectively. We see that consistency with cosmic rays propagation requires rather high
dimension operators, n ≥ 7, in the case of Higgs inflation.
So far, we mainly discussed very heavy DM, M & 1013 GeV, being interested in infla-
tionary models with detectable relic gravitational waves which amplitude at production
is ∝ He/MPl. However, with the current null result in searches of primordial gravita-
tional waves, it is legitimate to consider inflation with a low expansion rate H and masses
M  1013 GeV. Then any couplings to the inflaton given by Eq. (16), including the renor-
malizable one, n = 3, become consistent with the cosmic ray observations. In this regard,
the region M . 109 GeV corresponding to the lifetime τφ ' 1011 − 1012τU can be of partic-
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ular interest from the viewpoint of IceCube neutrino observations [39, 40]. Namely, if the
inflaton mainly decays into leptons, one can explain the origin of PeV neutrinos without
spoiling Fermi limits on the gamma rays [30] obtained in Refs. [29, 31]. Note that the re-
gion of interest corresponds to relatively small values of the inflaton at the end of inflation:
ϕe . 0.1MPl in the renormalizable case n = 3. Even smaller values of ϕe are required for
n > 3.
We finish this Section with two concluding remarks. First, let us estimate the typical
value of the coupling constant α. Taking M = 1013 GeV, ϕe = MPl, and Treh = 10
15 GeV
and assuming Λ = MPl in Eq. (16), we get from Eq. (11)
α ≈ 0.3 · 10−24 . (21)
Thus, our mechanism implies extremely feeble interactions with the inflation.
Second, for fixed τφ/τU and ϕe, one can estimate the maximal possible value ofM achieved
in the limit n→∞ (both Eqs. (18) and (19) give the same result):
M
1013 GeV
' 107 √n · ϕe
MPl
.
Hence, for the large field inflation, there is essentially no upper bound on the mass of the field
φ produced. Say, M = MPl, the largest mass allowed within the quantum field theory at our
present understanding of gravity, is achieved with n ≈ 18 for ϕe = MPl and τφ ∼ 1012 · τU .
This implies that the decaying DM can contribute to the cosmic rays starting from the
Planckian energies, that may be observed (at least in the neutrino sector, where the energy
does not degrade).
4 Scenario with subsequent decay to lighter particles
In the rest of the paper, we discuss a variation of our basic scenario assuming that the
superheavy fields are unstable, while the ”true” DM particles appear as their decay products.
This is the only viable option in the inflationary scenarios with inherently short lifetime of
particles φ.
We assume that the field φ has an additional Yukawa coupling to the Dirac fermion S of
the mass m — a singlet with respect to the SM gauge group,
L = yφS¯S , (22)
where y is a dimensionless Yukawa coupling. The Dirac fermion is stable and serves as DM.
In this picture, the concentration of DM particles is still fixed by the inflationary dynamics,
and it is twice that of the particle φ:
nDM =
A2F 2(ϕe)
M3
·
(ae
a
)3
. (23)
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Figure 2: The plots show allowed values of the coupling constant y
2
4pi
and the DM mass m
in the scenario, where the superheavy field φ produced during inflation subsequently decays
to a couple of stable Dirac fermions. We have set w = 0 (matter-dominated evolution right
after inflation), ϕe = MPl, Treh = 10
15 GeV, A = He/M . For the field φ mass we put
M = 1014 GeV (left plot) and M = 1016 GeV (right plot). The light blue regions correspond
to cosmologically unacceptable hot DM.
The energy density of DM is then given by ρDM = m ·nDM . The condition that it constitutes
(almost) all of the invisible matter in the Universe reads
8pi h∗(Teq)A2 F 2e Treh
3 g∗(Teq)M2H2e M
2
Pl Teq
· m
M
≈ 1 , (24)
where we have chosen the scenario with the matter dominated evolution right after inflation,
cf. Eq. (11). Note that in this version of the mechanism the coupling constant of the scalar
φ to the inflaton can be substantially larger compared to the estimate (21) by the factor√
M/m.
The particles S produced in the decays of the scalar φ generically have very high momenta
' M/2 at the moment of decay. On the other hand, DM particles must be very non-
relativistic at the matter-radiation equality: the velocity of DM fluid should not exceed
v ' 10−3. Otherwise, a well established picture of the large scale structure formation would
be spoiled. In order to fulfill this condition, the particles S must become non-relativistic at
least by the time, when the Universe cools down to T ' 1 keV. Hence, the scalar φ should
decay into the particles S before the Universe temperature reaches
T∗ =
(
M
2m
)
× 1 keV .
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That is, the following condition must be obeyed:
Γφ→S  H(T∗) =
√
8pi3g∗(T∗)
90
· T
2
∗
MPl
. (25)
Furthermore, the decay rate into S-particles must exceed that into the inflatons, i.e.,
Γφ→ϕ  Γφ→S . (26)
If there is the decay in two light particles, as it is suggested by Eq. (22), then its rate is
given by
Γφ→S =
y2M
8pi
.
The decay rate Γφ→ϕ is inferred from Eq. (17). We assume the renormalizable interaction
with the inflaton, i.e., n = 3. The conditions Eqs. (25) and (26) can be interpreted as the
constraints on the coupling constant y:
2 · 10−26 ·
√
g∗(T∗)
10
·
(
M
1013 GeV
)
·
(
10 TeV
m
)2
 y
2
4pi
 1 , (27)
and
y2
4pi
 3 · 10−41 ·
(
He
M · A
)2
·
(
M
1013 GeV
)5
·
(
MPl
ϕe
)6
·
(
1012 GeV
Treh
)
· 10 TeV
m
. (28)
None of the above constraints is particularly restrictive leaving a broad range of possible
values of the coupling constant y for fairly arbitrary masses m, as is shown in Fig. 2. In-
terestingly, when the value of y2/4pi is close to its lower bound in the inequality (27), warm
DM is produced. This is despite the fact that the DM particles can be heavy, well above
∼ keV, cf. Ref. [41]. Note that we again assume the estimate (20) for the coefficient A.
More generic powerlaw dependence of the coefficient A is not expected to change the picture
dramatically. However, if A decreases exponentially with M , the present analysis should be
revisited.
5 Discussions
We studied in detail a novel mechanism of producing superheavy DM in the form of the
scalar field φ condensate. For any given inflationary model and the coupling of the field φ
to the inflaton, the DM decay rate can be calculated, and the results can be contrasted with
the existing data on the propagation of the cosmic rays. The choice of dataset one should
use depends on the composition of cosmic rays originating from the decays of the inflaton.
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In turn, the composition depends on the interaction of the inflaton with the SM particles,
responsible for the reheating in the early Universe.
For the simplest possible couplings of the field φ to the inflaton, our mechanism is very
predictive, allowing to exclude a set of inflationary scenarios (provided that the mechanism
works), or strongly constrain the range of DM masses. For example, the renormalizable
interaction is only marginally consistent with the DM stability constraint, τDM & 1010 years,
in the high scale inflationary scenarios with the Hubble rate H ' 1013−14 GeV. Hence,
possible future observation of gravitational waves will strongly corner this option. The
parameter space is broader in the case of non-renormalizable interactions.
On the other hand, if searches for tensor modes show null result, the window for possible
masses M is essentially unbounded from below. The typical DM lifetime can be very large
in that case. If τφ & 1020−22 years, one can entertain the opportunity that a fraction of the
observed very high energy neutrinos and gamma-rays originate from the decays of DM.
More generally, the scenario considered in the present work, can be viewed as a mechanism
of generating superheavy fields—not necessarily DM. Subsequent decays of these fields may
source DM in the form of some lighter stable particles from the Standard Model extensions,
e.g., sterile neutrinos. Alternatively, these fields can be used for creating baryon asymmetry
in the Affleck–Dine fashion [17]. This opens up the opportunity of unified description of DM
production and baryogenesis.
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Appendix
In the present Appendix, our goal is to estimate the coefficient A entering Eq. (5) using
different toy examples. We simplify the problem by switching off the Hubble friction in
Eq. (2). Then, the equation, which describes the evolution of the field φ is given by
φ¨+M2φ = F (t) .
13
The Hubble friction serves to set the tracking solution for the field φ during inflation. How-
ever, the same can be achieved by tuning initial conditions:
φ =
F (ϕ)
M2
φ˙ =
F˙ (ϕ)
M2
(t→ −∞) . (29)
It is convenient to split the solution for φ in two parts:
φ =
F
M2
+ χ ,
The first term on the r.h.s. decays together with the inflaton. We are interested in the
second term, χ, which is relevant for the observed abundance of DM in our picture. The
field χ satisfies the equation:
χ¨+M2χ = − F¨
M2
.
This equation is to be solved with the trivial initial conditions: χ(t → −∞) = 0 and
χ˙(t→ −∞) = 0, which match (29). The result reads:
χ =
cos(Mt)
M3
·
∫ t
−∞
dt′ sin(Mt′)F¨ (t′)− sin(Mt)
M3
·
∫ t
−∞
dt′ · cos(Mt′)F¨ (t′) . (30)
We are interested in large times t, when F (ϕ) → 0 and consequently φ → χ. In this limit,
one can also replace the limits of integration by ∞. One gets
φ(t) =
cos(Mt)
M3
·
∫ +∞
−∞
dt′ sin(Mt′)F¨ (t′)− sin(Mt)
M3
·
∫ +∞
−∞
dt′ · cos(Mt′)F¨ (t′) . (31)
This is the field value, which feeds into the observed abundance of DM. We see that it is
never zero generically. The value of the coefficient A can be read off from Eq. (31) by the
comparison with Eq. (5). We see that A is defined by the Fourier transform of the function
F¨ . We have no a priori expectations about the M -dependence of the Fourier transform.
However, the examples below point out that the coefficient A i) drops exponentially with
M for a smooth slow evolution of the inflaton including its derivatives; ii) has a powerlaw
dependence on M , if some derivatives of the inflaton change very fast on the time scale M−1.
Exponential behavior of A. To illustrate the former situation, let us choose the function
F as follows:
F (t) = Λ3
[
1
2
− 1
pi
arctan(mt)
]
,
where Λ and m are two parameters of the mass dimension. In the limit t → −∞ one has
F (t → −∞) = Λ3 = const, and at t → +∞ one has F (t) → 0. Hence, this function
F correctly captures dynamics of the inflaton, which is nearly constant initially and then
decays at the post-inflationary epoch. The second derivative of the function F is given by
F¨ =
2m3Λ3t
pi [(1 + (mt)2]2
.
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One calculates the integrals in Eq. (30) using Jordan’s lemma. The result reads
φ(t) =
Λ3 · cos(Mt)
M2
· e−Mm .
Comparing with Eq. (5), we obtain finally
A = 2 · e−Mm .
Hence, the coefficient is of order one for an abrupt change, m & M or exponentially small
for slow evolution, mM .
Powerlaw behavior of A. Now let us consider the situation, when the n-th derivative of
the function F (t) changes abruptly, so that F (n+1) ∝ δ(t). In practice, it is enough, if F (n+1)
changes fast on the times scales M−1. In this situation, by integrating Eq. (31) by parts, we
get
φ(t) =
cos(Mt+ δ)
Mn+2
· F (n)(0) ,
where δ is an irrelevant phase. Comparing with Eq. (5), we read off the coefficient A:
A ' F
(n)(0)
Mn · F (0) . (32)
Now let us support the estimate (32) using an example, which incorporates the effects
of the Hubble friction. It is easy to model the situation, where the first derivative of the
inflaton undergoes a discontinuous jump. For this purpose, we choose the inflaton profile as
follows
ϕ = ϕe = const (t < te) ϕ = ϕe ·
(ae
a
)3/2
. (33)
Namely, inflation is approximated by the exact de Sitter stage followed by the post-
inflationary epoch with the equation of state w = 0 and the scale factor a(t) ∝ t2/3. During
the matter-dominated stage, the exact general solution for the field φ(t) can be written as
φ(t) = −cos(Mt)
a3/2(t)
·
∫
dt
sin(Mt)
M
F (ϕ)a3/2(t) +
sin(Mt)
a3/2
·
∫
dt
cos(Mt)
M
F (ϕ)a3/2(t) .
Up until the times t = te, the field φ tracks the inflaton, so that its initial conditions at the
onset of the post-inflationary decay are given by
φ(te) =
F (ϕe)
M2
φ˙(te) = 0 . (34)
As in the bulk of the paper, we assume that F (ϕ) is a powerlaw, i.e., F (ϕ) ∝ ϕn. Now we
are ready to write down the solution, which satisfies the initial conditions (34):
φ =
Fe cos ξ
M2
· Mte
Mte + ξ
·
[
1−
∫ ξ
0
dξ′
(Mte)
n−1 sin ξ′
(Mte + ξ′)n−1
]
+
+
Fe sin ξ
M2
· Mte
Mte + ξ
·
[∫ ξ
0
dξ′ · (Mte)
n−1 cos ξ′
(Mte + ξ′)n−1
+
1
Mte
]
,
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where ξ ≡ M(t − te). For the sake of concreteness, we focus on the case F (ϕ) ∝ ϕ2. We
use the fact that the integrals over ξ are converging fast, and thus can be replaced by their
values at large ξ:∫ ∞
0
dξ′ · Mte cos ξ
′
Mte + ξ′
=
1
Mte
∫ ∞
0
dξ′ · Mte sin ξ
′
Mte + ξ′
= 1 +O
(
1
[Mte]2
)
. (35)
Hence, the solution of interest reads
φ(t te) = 2Fe
M3te
·
(ae
a
)3/2
· sin[M(t− te)] . (36)
Comparing the latter with Eq. (5), we get for the coefficient A:
A =
2
Mte
' He
M
.
This is a cross-check of Eq. (32) and justification of Eq. (20). We have checked that this result
is robust against different choices of the function F (ϕ) (still, powerlaw in ϕ). Furthermore,
we have also considered the situation, when the 2-nd derivative of the inflaton experiences
a discontinuous jump, while the 0-th and the 1-st ones are smooth. In that case, one gets
A ' H2e/M2 in agreement with Eq. (32).
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